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A FLIGHT I N V E S T I G A T I O N  OF P I L O T I N G  T E C H N I Q U E S  
A N D  CROSSWIND LIMITATIONS D U R I N G  VISUAL 

STOL-TYPE L A N D I N G  OPERATIONS 

B r u c e  D .  F i s h e r ,  R o b e r t  A .  Champine ,  
P e r r y  L .  Deal, James M .  P a t t o n ,  J r . ,  

a n d  A l b e r t  W .  Hall 
L a n g l e y  R e s e a r c h  C e n t e r  

S U M M A R Y  

A f l i g h t - r e s e a r c h  p rogram was u n d e r t a k e n  t o  i n v e s t i g a t e  p r o b -  
lems c o n c e r n e d  w i t h  l a n d i n g  a STOL a i r p l a n e  i n  c r o s s w i n d  c o n d i -  
t i o n s .  The p rogram i n c l u d e d  a s t u d y  of p i l o t i n g  t e c h n i q u e s  a n d  
c r o s s w i n d  l i m i t a t i o n s  d u r i n g  v i s u a l  STOL-type l a n d i n g  o p e r a t i o n s .  
The r e s u l t s  i n d i c a t e d  t h a t  t h e  c r o s s w i n d  was more l i m i t i n g  d u r i n g  
t h e  g round  r o l l - o u t  t h a n  d u r i n g  t h e  a i r b o r n e  p h a s e s .  The p i l o t s  
e s t ima ted  t h a t  t h e  c r o s s w i n d  l i m i t  f o r  commercial STOL-type o p e r a -  
t i o n s  w i t h  t h e  t e s t  a i r c r a f t  would  b e  a p p r o x i m a t e l y  15 t o  2 0  k n o t s  
The p i l o t s  t h o u g h t  t h a t  t h e  c r o s s w i n d  l i m i t s  f o r  g r o u n d  o p e r a t i o n  
migh t  be e x t e n d e d  by i n c o r p o r a t i n g  w i n g - l i f t  s p o i l e r s ,  i m p r o v e d  
n o s e - g e a r  s t e e r i n g ,  a n d  improved  e n g i n e  r e s p o n s e .  The p i l o t s  
a g r e e d  t h a t  a c r o s s w i n d  g e a r  would  a l s o  b e  b e n e f i c i a l .  

I N T R O D U C T I O N  

STOL a i r p o r t s  of t h e  f u t u r e  a r e  e n v i s i o n e d  as s i n g l e - s t r i p  
runways  w i t h i n  o r  n e a r  l a r g e  c i t i e s ,  a n d  sometimes w i t h i n  t h e  
b o u n d a r i e s  o f  e x i s t i n g  major a i r p o r t s .  The u s e  of  s i n g l e - s t r i p  
runways  w i l l  r e s u l t  i n  a l a r g e  p e r c e n t a g e  o f  c r o s s w i n d  o p e r a t i o n s .  
I n  a d d i t i o n ,  b e c a u s e  S T O L  a i r c r a f t  u s e  low a p p r o a c h  s p e e d s ,  t h e  



crosswinds will affect the STOL aircraft more than they affect 
conventional transpart aircraft. As the forward speed of the 
aircraft decreases, the correction required to compensate for the 
crosswind becomes progressively larger. 

The National Aeronautics and Space Administration (NASA) has 
undertaken a flight-research program to investigate problems con- 
cerned with landing a SfOL airplane In crosswind cdnditions. This 
paper describes the results of a study of piloting techniques and 
crosswind limitations during VFR STOL-type landing operations, 
Several airplane modifications which could increase the crosswind 
limits are also discussed. 

SYMBOLS AND ABBREVIATIONS 

Except for airspeed and windspeed, which are given in knots 
( 1  knot = 0.5144 m/sec), data are presented here in the International 
System of Units (SI) with the equivalent values given parenthetically 
in U.S. Customary Units. Factors relating the two systems of' units 
in this paper may be found in reference 1. 

STOL short take-off and landing 

VFR visual flight rules 

'i indicated airspeed, knots 

full flap, approach-configuration stall speed, knots 

indicated airspeed at touchdown, knots V~~ 

V direct crosswind component of  wind, positive f o r  right 
crosswind, knots 
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angle of sideslip, deg 
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approach a n g l e ,  d e g  

t o t a l  a i l e r o n  d e f l e c t i o n ,  p o s i t i v e  f o r  l e f t  r o l l ,  deg  

r u d d e r  d e f l e c t i o n ,  p o s i t i v e  t r a i l i n g  e d g e  l e f t ,  d e g  

d i f f e r e n c e  b e t w e e n  wind v e l o c i t y  m e a s u r e d  a t  g i v e n  s i t e  
and wind  v e l o c i t y  m e a s u r e d  a t  touchdown s i t e ,  k n o t s  

d i f f e r e n c e  b e t w e e n  a i r c r a f t  r e l a t i v e  h e a d i n g  a t  touchdown A *TD 
a n d  a v e r a g e  r e l a t i v e  h e a d i n g  i n  a p p r o a c h ,  d e g  

d i f f e rence  a t  touchdown b e t w e e n  wind  d i r e c t i o n  m e a s u r e d  
a t  g i v e n  s i t e  a n d  wind d i r e c t i o n  m e a s u r e d  a t  touchdown 
s i t e ,  d e g  

eTD p i t c h ' a t t i t u d e  a t  touchdown,  d e $  

4 r o l l  a t t i t u d e ,  deg 

~ T D  r o l l  a t t i t u d e  a t  touchdown,  deg  

EQUIPMENT A N D  P R O C E D U R E S  

Test A i r p l a n e  

The t e s t  a i r p l a n e  was a t w i n - e n g i n e ,  h i g h - w i n g ,  l i g h t  STOL- 
t y p e  t r a n s p o r t  w i t h  f i x e d ,  t r i c y c l e  gear ( f i g .  1 ) .  The maximum 
d e s i g n  g r o s s  w e i g h t  was 48  9 2 8  N ( 1 1  000 l b )  a n d  t h e  a i r c r a f t  
we igh t  r a n g e d  b e t w e e n  38 2 5 3  and  45 370  N ( 8 6 0 0  and  10 200 l b ) ,  
d u r i n g  these  t e s t s .  The  STOL c a p a b i l i t y  o f  t h i s  a i r c r a f t  was 
d e r i v e d  f rom t h e  h i g h - l i f t  w ing  w h i c h  i n c o r p o r a t e d  f u l l - s p a n ,  
d o u b l e - s l o t t e d  F o w l e r  f l a p s .  F l a p  r e t r a c t i o n  f r o m  f u l l  down t o  
f u l l  up t o o k  35 sec. The o u t b o a r d  f l a p  p a n e l s  were d i f f e r e n t i a l l y  
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def l ec t ed  as a i l e r o n s  f o r  r o l l  c o n t r o l .  F u l l  a i l e r o n  t r a v e l  was 
a41.25O, a n d  f u l l  r u d d e r  t r a v e l  was + 1 7 O  t o  - 1 9 O .  

p r o p e l l e r s .  The p r o p e l l e r  p i t c h  was i n t e r c o n n e c t e d  w i t h  t h e  

t h r o t t l e  s y s t e m  s o  t h a t  t h e  p r o p e l l e r  b l a d e s  w e n t  i n t o  r e v e r s e  
p i t c h  o n l y  as  t h e  t h r o t t l e s  were p u l l e d  t h r o u g h  t h e  i d l e  s e t t i n g  
and  i n t o  t h e  r e v e r s e - t h r u s t  q u a d r a n t .  A p p r o x i m a t e l y  6 sec were 
r e q u i r e d  f o r  t h e  e n g i n e s  t o  reach f u l l  t h r u s t  f r o m  i d l e ,  w h i c h  

meant  t h a t  f u l l  r e v e r s e  t h r u s t  was o b t a i n e d  o n l y  n e a r  t h e  end  o f  
t h e  g r o u n d  r o l l - o u t .  R e v e r s e  t h r u s t  was u s e d  o n l y  d u r i n g  g r o u n d  
maneuver s .  

The f r ee  t u r b i n e  e n g i n e s  powered  t h r e e - b l a d e d  Beta c o n t r o l  

The  n o s e - g e a r  s t e e r i n g  s y s t e m  was d e s i g n e d  t o  b e  u s e d  o n l y  
d u r i n g  low-speed  t a x i i n g  o f  t h e  a i r c r a f t .  The n o s e - g e a r  c o n t r o l  
was a t i l l e r  bar mounted  on  t h e  con t ro .1  co lumn b e h i n d  t h e  p i l o t ' s  
c o n t r o l  wheel .  To o p e r a t e  t h e  t i l l e r  b a r ,  t h e  p i l o t  h a d  t o  t a k e  

h i s  hand  o f f  e i t h e r  t h e  t h r o t t l e s  o r  t h e  c o n t r o l  wheel .  T h e r e f o r e ,  
n o s e - g e a r  s t e e r i n g  was u s e d  r a r e l y  i n  t h e s e  t e s t s .  

The s t e a d y  s i d e s l i p  c h a r a c t e r i s t i c s  o f  t h e  t e s t  a i r p l a n e  a r e  
p r e s e n t e d  i n  f i g u r e  2.  The r u d d e r  d e f l e c t i o n ,  a i l e r o n  d e f l e c t i o n ,  
and  roll a t t i t u d e  a r e  shown as a f u n c t i o n  o f  s i d e s l i p  a n g l e  f o r  
s t e a d y  s i d e s l i p s  i n  t h e  f u l l - f l a p  a p r o a c h  c o n f i g u r a t i o n  a t  

'i 
t i o n "  w i l l  a p p l y  t o  t o t a l  d e f l e c t i o n  of  l e f t  a n d  r i g h t  a i l e r o n s  
w i t h  t h e  p o s i t i v e  a n d  n e g a t i v e  s i g n s  g i v e n  f o r  a i l e r o n  d e f l e c -  
t i o n s  p r o d u c i n g  l e f t  a n d  r i g h t  b a n k ,  r e s p e c t i v e l y .  

a n g l e s  g rea t e r  t h a n  ?2O0 w i t h  c o r r e s p o n d i n g  + 8 O  and -11' r o l l  
a t t i t u d e .  Less t h a n  o n e - t h i r d  o f  t h e  f u l l  a i l e r o n  t r a v e l  was 
u s e d  d u r i n g  t h e  s l i p s .  

= 70 k n o t s .  T h r o u g h o u t  t h i s  p a p e r ,  t h e  term " a i l e r o n  d e f l e c -  

The re  was s u f f i c i e n t  r u d d e r  a u t h o r i t y  t o  d e v e l o p  s i d e s l i p  

Data A c q u i s i t i o n  

T h i r t y - t w o  p a r a m e t e r s  were r e c o r d e d  a b o a r d  t h e  a i r c r a f t  by 
a m a g n e t i c  t a p e  da ta  s y s t e m .  These p a r a m e t e r s  i n c l u d e d  a n g l e  o f  
a t t a c k  and  s i d e s l i p ;  c o n t r o l  s u r f a c e  d e f l e c t i o n s ;  a l t i t u d e ;  a i r -  
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speed ; p i t c h ,  r o l l ,  a n d  h e a d i n g  a n g l e s  ; l i n e a r  a c d e l e r a t i o n s  ; 
a n g u l a r  v e l o c i t i e s  a b o u t  t h e  t h r e e  a i r c r a f t  a x e s ;  t h r o t t l e  p o s i -  
t i o n ;  and  e n g i n e  t o r q u e  a n d  speed  f o r  b o t h  e n g i n e s .  A l l  data  
were co r re l a t ed  by a t i m e  code. An a u t o m a t i c  g r o u n d - b a s e d  da ta  
s y s t e m  was u s e d  t o  p r o d u c e  t i m e - h i s t o r y  p l o t s  o f  t h e  d e s i r e d  da t a .  

The a i r speed  was m e a s u r e d  by a s t a n d a r d  N A S A  P i t o t - s t a t i c  
head mounted a p p r o x i m a t e l y  1 .5  maximum body diameters  ( 2 . 7  m 
( 9  f t ) )  ahead  o f  t h e  n o s e  o f  t h e  a i r c r a f t  o n  a n o s e  boom. The 
p o s i t i o n  e r ror  f o r  t h e  nose-boom i n s t a l l a t i o n  h a s  n o t  b e e n  removed 
f rom t h e  da t a .  The e r ro r  r a n g e d  be tween  1 t o  2 .5  k n o t s .  The s i d e -  
s l i p  and  a n g l e - o f - a t t a c k  v a n e s  were mounted  on  t h e  n o s e  boom b e h i n d  
t h e  a i r s p e e d  head .  The  touchdown p o s i t i o n ,  g r o u n d - r o l l  d i s t a n c e ,  
and  w i n d - d a t a  m e a s u r e m e n t s  a r e  d e s c r i b e d  i n  t h e  f o l l o w i n g  s e c t i o n .  

Tes t  F a c i l i t y  

The  VFR STOL-type c r o s s w i n d  l a n d i n g s  were made a t  t h e  a i r p o r t  
shown i n  f i g u r e  3. The  t e s t  s i t e  h a d  a f i e l d  e l e v a t i o n  o f  1 2 . 5  m 
( 4 1  f t ) .  D u r i n g  t h e  t e s t  program,  l a n d i n g s  were made on  a l l  r u n -  
ways t o  g e t  t h e  d e s i r e d  c r o s s w i n d  c o n d i t i o n s .  Runway 10-28 i s  
61 m (200  f t )  w i d e ,  a n d  t h e  o t h e r  two runways  a r e  45.7 m ( 1 5 0  f t )  

w i d e .  

A touchdown t a r g e t  was p a i n t e d  o n  each o f  t h e  t h r e e  runways .  
The t a r g e t  was t h e  d e s i r e d  touchdown p o i n t  f o r  a p p r o a c h e s  from 
e i t h e r  d i r e c t i o n  t o  a g i v e n  runway.  The t a r g e t s  were 30 .5  m 
( 1 0 0  f t )  s q u a r e s  formed by 0 . 3 0 5  m ( 1  f t )  w i d e  w h i t e  l i n e s .  

The v i s u a l  g u i d a n c e  s y s t e m ,  shown i n  f i g u r e  4 ,  was u s e d  t o  
i n d i c a t e  3' a n d  6' a p p r o a c h  a n g l e s .  
s y s t e m  were p o r t a b l e  a n d  were p l a c e d  b e s i d e  t h e  runway f a r  
enough ahead  o f  t h e  t a r g e t  s o  t h a t  t h e  p i l o t  d i d  n o t  h a v e  t o  
"duck u n d e r "  t h e  g l i d e  p a t h  t o  f l a r e  i n t o  t h e  t a r g e t .  The s y s -  
tem worked as  f o l l o w s :  when t h e  c e n t e r  b a l l  a p p e a r e d  lqwer t h a n  
t h e  f l a n k i n g  b a l l s ,  t h e  p i l o t  knew h e  was b e l o w  t h e  i n t e n d e d  g l i d e  

p a t h ;  when t h e  c e n t e r  b a l l  a p p e a r e d  h i g h ,  h e  was a b o v e  t h e  g l i d e  
p a t h .  

The t h r e e  sphe res  o f  t h e  

5 



Markers were placed n e a r  t h e  runway edge a t  30.5 m (100 f t )  
i n t e r v a l s  t o  a i d  t h e  g r o u n d  o b s e r v e r s  i n  e s t i m a t i n g  t h e  l o n g i t u -  
d i n a l  touchdown p o i n t  a n d  s t o p p i n g  d i s t a n c e  of t h e  a i r c r a f t .  The 
l a t e r a l  d i s t a n c e  o f  t h e  touchdown from t h e  runway  c e n t e r  l i n e  was 
estimated by a n  o b s e r v e r  i n  t h e  a i r p l a n e  c o c k p i t .  

Wind d i r e c t i o n  a n d  m a g n i t u d e  were m e a s u r e d  a t  t h r e e  s i t e s  on 
t h e  f i e l d .  The g r o u n d  o b s e r v e r s  n e a r  t h e  touchdown s i t e  u s e d  a 
h a n d - h e l d  wind  s e n s o r .  An o b s e r v e r  i n  t h e  c o n t r o l  t o w e r  r e c o r d e d  
t h e  wind a t  touchdown as  s e n s e d  by a wind  s e n s o r  mounted  a t  a 
h e i g h t  o f  3 .05 m (10  f t )  a t  t h e  s i t e  shown i n  f i g u r e  3.  I n  a d d i -  

t i o n ,  c o n t i n u o u s  wind  r e c o r d s  were t a k e n  f r o m  s e n s o r s  mounted  a t  
f o u r  e l e v a t i o n s  o n  t h e  e r e c t a b l e  t o w e r  shown i n  f i g u r e  5. The 
e l e v a t i o n s  were 4 . 5 7 ,  8 . 2 3 ,  1 1 . 8 9 ,  a n d  15 .85  m ( 1 5 ,  2 7 ,  39 ,  a n d  
52 f t ) .  The w i n d - s e n s o r  t o w e r  was l o c a t e d  a t  t h e  c e n t r a l  p o s i t i o n  
shown i n  f i g u r e  3. 

C r o s s w i n d  Approach  a n d  L a n d i n g  T e c h n i q u e s  

Three  t y p e s  of c r o s s w i n d  l a n d i n g  t e c h n i q u e s  were s t u d i e d :  

I n  t h e  s l i p ,  o r  wingdown, t e c h n i q u e  ( f i g .  6 ( a ) ) ,  t h e  a i r c r a f t  
s l i p ,  c r ab ,  a n d  c r o s s  runway.  

t r a c k  a n d  h e a d i n g  a r e  a l i n e d  W i t h  t h e  runway.  The upwind w i n g  i s  
l o w e r e d  a n d  t h e  p i l o t  u s e s  f l c r o s s  c o n t r o l f 1  o f  a i l e r o n s  a n d  r u d d e r  
t o  m a i n t a i n  a s t r a i g h t  f l i g h t  t r a c k  t o  t h e  l a n d i n g  a rea .  The 
p i l o t  may l e v e l  t h e  wing  d u r i n g  t h e  f l a r e  a n d  may l a n d  b e f o r e  
a p p r e c i a b l e  d r i f t  h a s  d e v e l o p e d ,  o r  h e  may l a n d  t h e  a i r c r a f t  on  
t h e  upwind gear.  

I n  t h e  c r a b  t e c h n i q u e  ( f i g .  6 ( b ) ) ,  t h e  a i r c r a f t  h e a d i n g  i s  
a d j u s t e d  i n t o  t h e  wind  s o  t h a t  a s t r a i g h t  t r a c k  a l o n g  t h e  runway 
c e n t e r  l i n e  i s  m a i n t a i n e d .  S i n c e  t h e r e  i s  e s s e n t i a l l y  n o  s i d e s l i p ,  
t h e  w i n g s  a r e  n e a r l y  l e v e l  a n d  t h e  r u d d e r  a n d  a i l e r o n  d e f l e c t i o n s  
a re  small .  D u r i n g  t h e  f l a r e ,  t h e  r u d d e r  i s  u s e d  t o  a l i n e  t h e  air- 
c r a f t  w i t h  t h e  runway ,  a n d  t h e  a i l e r o n s  a re  u s e d  t o  k e e p  t h e  w i n g s  
l e v e l .  A s  i n  t h e  s l i p  t e c h n i q u e ,  t h e  l a n d i n g  i s  c o m p l e t e d  b e f o r e  
a n y  s i g n i f i c a n t  d r i f t  a n g l e  c a n  b e  d e v e l o p e d .  
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I n  t h e  c r o s s - r u n w a y  t e c h n i q u e ,  t h e  p i l o t  a p p r o a c h e s  p a r a l l e l  
t o  t h e  runway on t h e  downwind s i d e  u s i n g  t h e  c rab  a p p r o a c h  a n d  
t u r n s  toward t h e  l a n d i n g  area s o  t h a t  t h e  c r o s s w i n d  component  i s  
r e d u c e d  ( f i g .  6(c)). The touchdown i s  made n e a r  t h e  downwind e d g e  
o f  t h e  runway,  a f t e r  w h i c h  t h e  a i r c r a f t  a rcs  o u t  t o  a s t o p  a l o n g  
t h e  upwind edge.  

T e a t  and  P r o c e d u r e s  

A t o t a l  of  432 VFR STOL-type c r o s s w i n d  l a n d i n g s  were made 
d u r i n g  t h i s  p r o g r a m .  T a b l e  I c o n t a i n s  a m a t r i x  o f  t h e  t e s t  con-  
d i t i o n s  g r o u p e d  a c c o r d i n g  t o  a n o m i n a l  c r o s s w i n d ,  a p p r o a c h  a n g l e ,  . 
and c r o s s w i n d  l a n d i n g  t e c h n i q u e .  These l a n d i n g s  were made by 
th ree  research p i l o t s .  

T y p i c a l l y ,  t h e  g l i d e  s l o p e  was i n t e r c e p t e d  a t  a n  a l t i t u d e  o f  
183 m ( 6 0 0  f t )  f o r  a 3' a p p r o a c h ,  and  a t  366 m (1200 f t )  f o r  a 6' 
a p p r o a c h .  The a i r c r a f t  was t h e n  s t a b i l i z e d  on  t h e  a p p r o a c h  p a t h  
a t  a n  i n d i c a t e d  s p e e d  o f  65 t o  70 k n o t s  w i t h  f u l l  f l a p s .  To 
acquire  s u f f i c i e n t  s t a t i s t i c a l  d a t a ,  o n e  t e c h n i q u e  was u s e d  d u r i n g  
t h e  f i n a l  30 t o  60 sec o f  t h e  a p p r o a c h  down t o  t h e  f l a r e .  The a i r -  
c r a f t  was f l a r e d  a t  a b o u t  a 4.6-m ( 1 5 - f t )  a l t i t u d e  f o r  a touchdown 
as  c l o s e  as p o s s i b l e  t o  t h e  c e n t e r  o f  t h e  touchdown t a r g e t .  A l l  
l a n d i n g s  were made i n  d a y l i g h t ,  w i t h  VFR c o n d i t i o n s ,  on  a d r y  r u n -  
way. Most l a n d i n g s  were made t o  c o m p l e t e  s t o p .  Af te r  touchdown,  
t h e  t h r o t t l e s  were p l a c e d  i n  t h e  r e v e r s e - t h r u s t  p o s i t i o n ,  b u t  t h e  

e n g i n e  r e s p o n s e  was t o o  s l o w  t o  p r o d u c e  a p p r e c i a b l e  r e v e r s e  t h r u s t  
d u r i n g  t h e  g r o u n d  r o l l - o u t .  

RESULTS A N D  DISCUSSION 

N o t e s  on Data P r e s e n t a t i o n  

A s u b s t a n t i a l  p o r t i o n  of t h e  da ta  i n  t h i s  p a p e r  i s  p r e s e n t e d  
i n  t h e  form of h i s t o g r a m s .  The da t a  g i v e n  f o r  each i n t e r v a l  
i n c l u d e  v a l u e s  e q u a l  t o  t h e  l o w e r  l i m i t ,  but' e x c l u d e  t h o s e  e q u a l  t o  
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t h e  u p p e r  l i m i t .  The da ta  were s o r t e d  i n t o  t h e  number of  samples 
p e r  i n t e r v a l ,  o r ,  i n  t h e  case of  c o n t r o l  u s a g e ,  i n t o  t h e  l e n g t h s  of 
time d u r i n g  w h i c h  t h e  c o n t r o l  d e f l e c t i o n s  were w i t h i n  a n  i n t e r v a l .  
I n  most i n s t a n c e s ,  t h e  da t a  were n o r m a l i z e d  e i t h e r  by d i v i d i n g  by 
t h e  t o t a l  number of  samples o r  by d i v i d i n g  by t h e  t o t a l  l e n g t h  o f  
time t o  p r o d u c e  r e l a t i v e  f r e q u e n c y  o r  r e l a t i v e  t ime,  r e s p e c t i v e l y .  

C o n s i d e r a b l e  wind  d a t a  were r e c o r d e d  d u r i n g  t h i s  program. 
These da ta  a r e  a n a l y z e d  a n d  d i s c u s s e d  i n  t h e  a p p e n d i x  of  t h i s  p a p e r  
t o  show t h a t  wind  c a n  v a r y  w i t h  t ime a n d  d i f f e r  i n  m a g n i t u d e  be tween  
v a r i o u s  l o c a t i o n s  on  t h e  a i r f i e l d .  These d a t a  i l l u s t r a t e  t h a t  a 
s i n g l e  v a l u e  of  c r o s s w i n d  f r o m  o n e  l o c a t i o n ,  s u c h  as t h a t  r e p o r t e d  
t o  t h e  p i l o t  by t h e  c o n t r o l - t o w e r  o p e r a t o r ,  may n o t  r e p r e s e n t  t h e  
wind t h a t  i n f l u e n c e s  t h e  a i r p l a n e  a t  a c r i t i c a l  t ime d u r i n g  t h e  i n i -  
t i a l  p h a s e  o f  t h e  g r o u n d  r o l l ,  f o r  e x a m p l e .  A l t h o u g h  no  s i n g l e  
v a l u e  o f  wind r e a d i n g  r e p r e s e n t s  t h e  w i n d s  d u r i n g  a n  approach  a n d  
l a n d i n g  c o m p l e t e l y ,  t o  h a v e  a c o n s i s t e n t  r e f e r e n c e ,  t h e  s i n g l e  v a l u e  
measu red  a t  t h e  4.6-m ( 1 5 - f t )  e l e v a t i o n  o n  t h e  wind  t o w e r  a t  t h e  

time of touchdown was u s e d  t o  compute  t h e  c r o s s w i n d  f o r  c l a s s i f y i n g  
t h e  data  f o r  each r u n .  ( T h r o u g h o u t  t h i s  p a p e r ,  t h e  term l l c r o s s w i n d l l  
means d i r e c t  c r o s s w i n d  c o m p o n e n t . )  

Touchdown C o n d i t i o n s  

Touchdown d i s p e r s i o n . -  The l o n g i t u d i n a l  touchdown d i s p e r s i o n  
data  showed n o  a p p r e c i a b l e  d i f f e r e n c e  b e c a u s e  o f  p i l o t ,  a p p r o a c h  
a n g l e ,  o r  c r ab  o r  s l i p  approach .  The l o n g i t u d i n a l  d i s p e r s i o n  da ta  

f o r  t h o s e  r u n s  f o r  which t h e  c r o s s w i n d  was 5 k n o t s  o r  g r e a t e r  a r e  
shown i n  f i g u r e  7 ,  where t h e  r e s u l t s  f o r  t h e  c r a b  a n d  s l i p  l a n d i n g s  
are combined ;  t h o s e  f o r  t h e  c r o s s - r u n w a y  l a n d i n g s  a re  shown sepa -  
r a t e l y .  The combined da ta  f o r  touchdown d i s p e r s i o n  f o r  t h e  c r a b  
and  s l i p  t e c h n i q u e s  r a n g e d  f r o m  7 6 . 2  m ( 2 5 0  f t )  s h o r t  o f  t h e  ten- 

t e r  of  t h e  t a r g e t  t o  152 .4  m ( 5 0 0  f t )  l o n g .  The mean v a l u e  was 
17.4 m (57  f t )  beyond t h e  t a r g e t  c e n t e r .  The c r o s s - r u n w a y  l a n d i n g s  
were r a d i c a l l y  d i f f e r e n t  i n  t e c h n i q u e ,  a n d  t h e  da ta  r e f l e c t  t h i s  
d i f f e r e n c e .  The da ta  f o r  t h e  c r o s s - r u n w a y  l a n d i n g s  show much l e s s  
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l o n g i t u d i n a l  touchdown d i s p e r s i o n  ( o n l y  106.7 m (350 f t ) )  w i t h  t h e  
mean v a l u e  o n l y  1 .3  m ( 4  f t )  beyond t h e  t a r g e t  c e n t e r .  The  r e d u c e d  
d i s p e r s i o n  shown f o r  t h e  c r o s s - r u n w a y  t e c h n i q u e  i s  p r o b a b l y  f o r c e d  
upon t h e  p i l o t s ,  s i n c e  t h e y  a t t e m p t  t o  l a n d  a c r o s s  t h e  runway a n d  
a re  c o n s t r a i n e d  by t h e  runway e d g e s .  On t h e  o t h e r  h a n d ,  when l a n d -  
i n g  s t r a i g h t  down t h e  runway ,  t h e  p i l o t s  had  n o  l o n g i t u d i n a l  pave -  
ment c o n s t r a i n t s  f o r  t h e s e  t e s t s .  

The c r i t i c a l  runway d i m e n s i o n  was f o u n d  t o  be  t h e  runway 
w i d t h .  One runway was 61  m (200  f t )  w i d e  a n d  t h e  o t h e r  two runways  
were 45 .7  m (150  f t )  wide. .  The l a t e r a l - t o u c h d o w n  d i s p e r s i o n  da ta  
combined f o r  t h e  t h r e e  p i l o t s  a n d  two a p p r o a c h  a n g l e s  f o r  each o f  
t h e  t h r e e  t e c h n i q u e s  a r e  shown i n  f i g u r e  8 .  T h e  c r ab  a n d  s l i p  da ta  
were v e r y  s imi la r ,  a b o u t  80 p e r c e n t  o f  t h e  l a n d i n g s  f o r  each tech-  
n i q u e  f a l l i n g  w i t h i n  51.5 m ( + 5  f t )  o f  t h e  c e n t e r  l i n e .  T h e r e  were 
no l a n d i n g s  any  f u r t h e r  t h a n  10.7 m ( 3 5 ’ f t )  f r o m  t h e  c e n t e r  l i n e .  
The c r o s s - r u n w a y  da t a  showed a c o n s i d e r a b l e  downwind s h i f t ,  a s  
would b e  e x p e c t e d ,  s i n c e  t h e  p i l o t  was d e l i b e r a t e l y  l a n d i n g  t h e  
a i r c r a f t  n e a r  t h e  downwind e d g e  o f  t h e  runway,. 

A l t h o u g h  t h e  da t a  from s u c h  a small number of  r u n s  a r e  n o t  
s u f f i c i e n t  t o  d e f i n e  runway w i d t h ,  t h e  da t a  d o  show t h a t  a w i d t h  o f  
2 5 . 3  m ( 8 3  f t )  (maximum d i s p e r s i o n  p l u s  l a n d i n g  gear w i d t h )  i s  
n e e d e d  j u s t  t o  c o v e r  t h e  l a t e r a l  touchdown d i s p e r s i o n  o f  t h e  l a n d -  
i n g s  from c rab  a n d  s l i p  a p p r o a c h e s .  The  o p i n i o n  o f  a l l  p i l o t s  was 
t h a t  a n y  d e c r e a s e . i n  w i d t h  be low t h e  minimum i n  t h e s e  t e s t s  ( 4 5 . 7  m 
(150  f t ) )  would r e d u c e  t h e  c r o s s w i n d  l i m i t s  a p p r e c i a b l y .  An 
i n c r e a s e  i n  runway w i d t h  would  b e  b e n e f i c i a l  b e c a u s e  i t  would  a l l o w  
t h e  p i l o t  t o  a n g l e  a c r o s s  t h e  runway a f t e r  touchdown,  a n d  t h e r e b y  
r e d u c e  t h e  e f f e c t i v e  c r o s s w i n d .  

F i g u r e  9 i s  a h i s t o g r a m  of g r o u n d - r o l l  d i s t a n c e  f o r  t h o s e  r u n s  
w i t h  c r o s s w i n d s  of  5 k n o t s  o r  g rea t e r .  G r o u n d - r o l l  d i s t a n c e  i s  t h e  
l o n g i t u d i n a l  runway d i s t a n c e  from t h e  p o i n t  o f  touchdown t o  t h e ’  
p o i n t  where t h e  a i r c r a f t  s t o p s .  Data were d e l e t e d  f o r  r o l l - o u t s  
where t h e  p i l o t  was o b v i o u s l y  n o t  a t t e m p t i n g  t o  s t o p ,  b u t  was o n l y  
s l o w i n g  down a n d  r o l l i n g  i n t o  t a k e - o f f  p o s i t i o n  f o r  t h e  n e x t  r u n .  
There was no  c o n s i s t e n t  a t t e m p t  t o  s t o p  t h e  a i r c r a f t  i n  t h e  s h o r t -  
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est d i s t a n c e  p o s s i b l e .  As there  was n o  c o n s i s t e n t  e f f ec t  d u e  t o  
p i l o t ,  a p p r o a c h  a n g l e ,  crab o r  s l i p  t e c h n i q u e ,  t h e  da t a  were com- 
b i n e d  i n  f i g u r e  9. A l t h o u g h  t h e r e  was a d i f f e r e n c e  i n  t h e  g r o u n d -  
r o l l  t e c h n i q u e ,  t h e  g r o u n d - r o l l  d i s t a n c e s  were e s s e n t i a l l y  t h e  same 
f o r  t h e  c r o s s - r u n w a y  t e c h n i q u e  as  t h o s e  f o r  t h e  crab and  s l i p  t ech-  
n i q u e s .  The a i r c r a f t  was s t o p p e d  i n  a s  s h o r t  a d i s t a n c e  as 30.5 m 
( 1 5 0  f t )  and  as l o n g  a d i s t a n c e  as  305 m (1000 f t ) .  The p i l o t s  
s t a t e d  t h a t  t h e y  c o u l d  a l w a y s  s t o p  t h e  a i r c r a f t  i n  l e s s  t h a n  305 m 
(1000 f t ) .  

Touchdown speed r a t i o  a n d  p i t c h  a t t i t u d e  a t _ t o u c h d o w n . -  F i g -  
u r e  10 shows t h e  touchdown s p e e d  r a t i o  V T ~ / V S O  f o r  a l l  tech-  
n i q u e s  as  a f u n c t i o n  o f  c r o s s w i n d  f o r  each p i l o t  a n d  a p p r o a c h  
a n g l e ;  Vso i s  t h e  f u l l - f l a p ,  a p p r o a c h - c o n f i g u r a t i o n  s t a l l  s p e e d  
f o r  t h e  a i r c r a f t ,  b a s e d  on a maximum l i f t  c o e f f i c i e n t  o f  2.6 and  
t h e  w e i g h t  a t  each l a n d i n g ,  where t h e  w e i g h t  was b a s e d  on t h e  f u e l  
w e i g h t  g a g e  r e a d i n g s  i n  t h e  c o c k p i t .  F o r  r e f e r e n c e ,  t h e  a v e r a g e  
a p p r o a c h  s p e e d  was 1.3vs0. The touchdown s p e e d  da ta  were g r o u p e d  
i n t o  5 -kno t  i n c r e m e n t s  o f  c r o s s w i n d .  The  g r o u p e d  touchdown s p e e d  
v a l u e s  were t h e n  a v e r a g e d  w i t h i n  e a c h  i n c r e m e n t  a n d  were p l o t t e d  a t  
t h e  m i d p o i n t s  o f  t h e  c r o s s w i n d  i n t e r v a l s .  P i l o t s  A a n d  C l a n d e d  
fas te r  from a p p r o a c h e s  made a t  Y = -6O t h a n  a t  Y = -3' ( a n  

i n c r e a s e  i n  
t r e n d .  

V T D / V s O  o f  a b o u t '  0 .04 ) ,  b u t  p i l o t  B d i d  n o t  show t h i s  

A d i f f e r e n c e  i n  l a n d i n g  t e c h n i q u e  was o b s e r v e d  i n  t h e s e  t e s t s .  
P i l o t s  A and B t o u c h e d  down f i r m l y  a t  s p e e d s  a v e r a g i n g  a b o u t  
1.06Vso and  r a p i d l y  decelerated t o  a f u l l  s t o p .  
t o  t o u c h  down more s m o o t h l y  a t  h i g h e r  s p e e d s  ( o v e r a l l  mean o f  
1.14Vso) and  made l e s s  e f f o r t  t o  s t o p  a b r u p t l y .  

The touchdown s p e e d  r a t i o s  a r e  p r e s e n t e d  i n  f i g u r e  1 1  as a 
h i s t o g r a m  s h o w i n g  t h e  r e l a t i v e  f r e q u e n c y  o f  o c c u r r e n c e  combined  
f o r  a l l  c r o s s w i n d s ,  p i l o t s ,  t e c h n i q u e s ,  a n d  a p p r o a c h  a n g l e s .  
Less t h a n  10 p e r c e n t  o f  t h e  touchdowns  were made a t  s p e e d s  l o w e r  
t h a n  Vso. 

t h e  p i t c h  a t t i t u d e s  a t  touchdown.  F i g u r e  12 p r e s e n t s  t h e  p i t c h  

P i l o t  C t e n d e d  

The d i f f e r e n c e s  i n  p i l o t  l a n d i n g  t e c h n i q u e  a l s o  may b e  s e e n  i n  
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a t t i t u d e  a t  touchdown a s  a f u n c t i o n  o f  c r o s s w i n d  f o r  each p i l o t  
and a p p r o a c h  a n g l e .  F i g u r e  12 was c o n s t r u c t e d  by u s i n g  t h e  same 
a v e r a g i n g  t e c h n i q u e  a s  was u s e d  i n  f i g u r e  10.  There were no  
c o n s i s t e n t  c r o s s w i n d  o r  a p p r o a c h  a n g l e  e f f e c t s ,  The v a r i a t i o n  
be tween  p i l o t s ,  h o w e v e r ,  i s  e v i d e n t .  The mean touchdown a t t i t u d e  
was 3.1°, 5 . 7 O ,  a n d  0 . 4 O  f o r  p i l o t s  A ,  B y  a n d  C ,  r e s p e c t i v e l y .  
I n  a s t eady- s t a t e  c o n d i t i o n ,  s p e e d  r a t i o s  a n d  p i t c h  a t t i t u d e s  
s h o u l d  r o u g h l y  c o r r e s p o n d .  It s h o u l d  be n o t e d  t h a t  t h e  mean 
v a l u e  of eTD f o r  p i l o t  B i s  twice as  l a rge  a s  t h a t  f o r  p i l o t  A ,  
whereas t h e  c o r r e s p o n d i n g  mean v a l u e s  o f  VTD/VSO a re  n e a r l y  
e q u a l .  T h i s  a p p a r e n t  d i s c r e p a n c y  i s  caused by t h e  n a t u r e  o f  t h e  
l a n d i n g  f l a r e  maneuver .  The f l a r e  was a dynamic  maneuver  i n  
which t h e r e  was a r a p i d  p i t c h - u p  w i t h  r e l a t i v e l y  l i t t l e  l o s s  i n  
f o r w a r d  s p e e d .  T h i s  dynamic  maneuver  was more p r o n o u n c e d  f o r  
p i l o t  B t h a n  f o r  p i l o t  A .  

I n  f i g u r e  13, t h e  p i t c h - a t t i t u d e  d a t a  a re  combined  f o r  a l l  
c r o s s w i n d s ,  p i l o t s ,  t e c h n i q u e s ,  a n d  b o t h  a p p r o a c h  a n g l e s ,  a n d  a r e  
p r e s e n t e d  a s  a h i s t o g r a m  s h o w i n g  r e l a t i v e  f r e q u e n c y  o f  o c c u r r e n c e .  
About 90 p e r c e n t  o f  t h e  touchdown a t t i t u d e s  were g rea t e r  t h a n  O o ,  

w i t h  a b o u t  80 p e r c e n t  f a l l i n g  be tween  0' and 8O. P i l o t s  A and  B 
made a few l a n d i n g s  where t h e  t a i l  s k i d  h i t  t h e  runway 
1 0 . 5 O ) .  P i l o t  C c o n t r i b u t e d  v i r t u a l l y  a l l  t h e  n e g a t i v e  v a l u e s  and  
none o f  t h e  h i g h  p o s i t i v e  v a l u e s .  The a i r c r a f t  had  a t e n d e n c y  t o  
"wheelbar row1 '  on t h e  n o s e  whee l  f o l l o w i n g  touchdown a t  n e g a t i v e  
a t t i t u d e s .  The a i r c r a f t  was a l s o  e x p o s e d  t o  t h e  c r o s s w i n d s  f o r  
a l o n g e r  p e r i o d  o f  time w i t h  o n l y  a small v e r t i c a l  l o a d  on  t h e  

wheels  when t h e  f a s t  a n d  s h a l l o w  f l a r e d  l a n d i n g  t e c h n i q u e  was u s e d .  
P i l o t  C b e l i e v e d ,  h o w e v e r ,  t h a t  h i s  l a n d i n g  t e c h n i q u e  was more r e p -  
r e s e n t a t i v e  o f  p a s s e n g e r - c a r r y i n g  o p e r a t i o n s  a n d  a l s o  t h a t  t h e  
h i g h e r  s p e e d  a l l o w e d  h im more p r e c i s i o n  f o r  c o n t r o l  o f  t h e  t o u c h -  
down and  i n i t i a l  t r a n s i t i o n  t o  g r o u n d  r o l l .  On t h e  o t h e r  h a n d ,  t h e  
f i r m ,  n e a r - s t a l l  l a n d i n g s  u s e d  by p i l o t s  A a n d  B may b e  more uncom- 
f o r t a b l e  t o  t y p i c a l  p a s s e n g e r s ,  b u t  t h e y  m i n i m i z e d  t h e  e x p o s u r e  
time o f  t h e  a i r c r a f t  t o  c r o s s w i n d s  i n  t h e  g r o u n d  r o l l - o u t .  

( e T D  2 - 
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A l l  t h e  p i l o t s  s t a t e d  t h a t  i t  would  b e  d e s i r a b l e  t o  r e d u c e  
wing  l i f t  q u i c k l y  a f t e r  t o u c h d o w n ,  which i n  t u r n  wou ld  a l l o w  
i n c r e a s e d  b r a k i n g  f o r c e  a n d  would  a l s o  a l low t h e  w h e e l s  t o  d e v e l o p  
a s i d e  f o r c e  t o  resist t h e  c r o s s w i n d  e f f e c t s .  They f e l t  t h a t  
w i n g - l i f t  s p o i l e r s  would  b e  v e r y  u s e f u l  f o r  t h i s  p u r p o s e  d u r i n g  
t h e  g r o u n d  r o l l - o u t .  

t e c h n i q u e ,  t h e  p i l o t s  e x p r e s s e d  a d e s i r e  t o  l a n d  l e v e l  on  b o t h  main  
gears.  The p i l o t s  f o u n d  t h a t  t h e  w i n g s - l e v e l  l a n d i n g s  were s m o o t h e r  
and  a l l o w e d  f o r  b e t t e r  b r a k i n g  c o n t r o l  d u r i n g  r o l l - o u t  t h a n  d i d  t h e  

one  wheel  l a n d i n g s .  P i l o t s  A a n d  B f r e q u e n t l y  commented a b o u t  a 
r o c k i n g  o s c i l l a t i o n  ( r o l l  d i r e c t i o n )  d u r i n g  t h e  i n i t i a l  r o l l - o u t  
f o l l o w i n g  a f i r m  l a n d i n g  on  o n e  ma in  wheel .  P i l o t  C s t a t e d  t h a t  h e  

d i d  n o t  e x p e r i e n c e  t h i s  o s c i l l a t i o n  f o l l o w i n g  h i s  r e l a t i v e l y  f a s t  
a n d  s h a l l o w  l a n d i n g s .  T h i s  r o c k i n g  c a u s e d  a v a r i a b l e  v e r t i c a l  f o r c e  
which made i t  d i f f i c u l t  f o r  t h e  p i l o t  t o  c o n t r o l  b r a k i n g  f o r c e  as 
r e q u i r e d  f o r  d i r e c t i o n a l  c o n t r o l  d u r i n g  g r o u n d  r o l l - o u t .  

and  b o t h  a p p r o a c h  a n g l e s  i s  p r e s e n t e d  i n  f i g u r e  14  f o r  each c r o s s -  
wind  t e c h n i q u e  as a h i s t o g r a m ,  s h o w i n g  r e l a t i v e  f r e q u e n c y  o f  o c c u r -  
r e n c e .  The r o l l  a t t i t u d e  h a s  been  m u l t i p l i e d  by t h e  s i g n  o f  t h e  

c r o s s w i n d  s o  t h a t  a l a n d i n g  w i t h  t h e  w i n g  down i n t o  t h e  wind  i s  a 
p o s i t i v e  v a l u e ,  a n d  a l a n d i n g  w i t h  t h e  w i n g  u p  i n t o  t h e  wind  i s  a 
n e g a t i v e  v a l u e .  The c r a b  a p p r o a c h e s  h a d  a f a i r l y  l a r g e  number o f  
w i n g s - l e v e l  l a n d i n g s  ( 3 7  p e r c e n t ) ,  w h i l e  t h e  l o w e s t  p e r c e n t a g e  o f  
w i n g s - l e v e l  l a n d i n g s  were made w i t h  t h e  s l i p  t e c h n i q u e  ( 1 5 . 5  p e r -  
c e n t ) .  The h i g h e s t  p e r c e n t a g e  o f  w i n g s - l e v e l  l a n d i n g s  ( 4 5  p e r c e n t )  
was made w i t h  t h e  c r o s s - r u n w a y  a p p r o a c h  t e c h n i q u e .  T h i s  i s  n o t  
s u r p r i s i n g ,  s i n c e  t h e  a i r c r a f t  i s  more n e a r l y  a l i n e d  w i t h  t h e  wind  
when t h e  p i l o t  l a n d s  a c r o s s  t h e  runway.  

R o l l  a t t i t u d e  a t  touchdown. -  Regardless o f  c r o s s w i n d  l a n d i n g  

The r o l l  a t t i t u d e  a t  touchdown f o r  a l l  c r o s s w i n d s ,  a l l  p i l o t s ,  

Few l a n d i n g s  were made w i t h  t h e  w i n g  u p  i n t o  t h e  w i n d .  These 

r u n s  were p r o b a b l y  c a u s e d  e i t h e r  by o v e r c o r r e c t i o n  by t h e  p i l o t  o r ,  
i n  t h e  case o f  t h e  l o w e s t  c r o s s w i n d s ,  by t h e  wind  s h i f t i n g  f r o m  o n e  
s i d e  of t h e  runway t o  t h e  o t h e r  a t  t h e  l a s t  m i n u t e .  
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Decrab a t  touchdown. -  The a i r p l a n e  h e a d i n g  was r e c o r d e d  re la -  
t i v e  t o  t h e  h e a d i n g  a t  t h e  t ime t h e  da ta  s w i t c h  w a s  t u r n e d  o n .  
T h e r e f o r e ,  t h e  c r a b  a n g l e  r e l a t i v e  t o  t h e  runway h e a d i n g  i s  i n d i -  
cated o n l y  i n  a g e n e r a l  manner  i n  f i g u r e s  15 a n d  1 6 .  F i g u r e  15  
shows a t y p i c a l  time h i s t o r y  o f  r e l a t i v e  h e a d i n g  a n d  i l l u s t r a t e s  
how t h e  a v e r a g e  h e a d i n g  was f a i r e d  d u r i n g  a n  a p p r o a c h ,  a n d  t h e  
i n c r e m e n t a l  c h a n g e  b e t w e e n  t h i s  v a l u e  a n d  t h e  v a l u e  a t  t h e  t ime o f  
touchdown was t a k e n  as  t h e  amount  o f  decrab f o r  t h a t  l a n d i n g  maneu- 
v e r .  A g a i n ,  as f o r  r o l l  a t t i t u d e ,  t h e  a l g e b r a i c  s i g n  o f  t h e  d e c r a b  

a n g l e  was n o r m a l i z e d  by t h e  c r o s s w i n d  d i r e c t i o n  s o  t h a t  a t u r n  away 
f r o m  t h e  wind  ( n o r m a l  p r o c e d u r e )  h a s  a n e g a t i v e  s i g n .  The dec rab  
p r i o r  t o  touchdown f o r  a l l  c rab  a p p r o a c h e s ,  a l l  p i l o t s ,  a l l  c r o s s -  
w i n d s ,  a n d  b o t h  a p p r o a c h  a n g l e s  i s  shown i n  f i g u r e  16  as a h i s t o -  
gram s h o w i n g  r e l a t i v e  f r e q u e n c y  o f  o c c u r r e n c e .  N i n e t y - f o u r  percent  
of  t h e  "decrab" m a n e u v e r s  were t u r n s  away f rom t h e  w i n d .  The mean 
h e a d i n g  c h a n g e  was -7.9' w i t h  maximum v a l u e s  u p  t o  - 2 2 O .  

Normal- load  f a c t o r  . j u s t  D r i o r  t o  touchdown. -  When a n  a i r p l a n e  
i s  a i r b o r n e  w i t h  w i n g s  l e v e l ,  t h e  i n d i c a t e d  n o r m a l  a c c e l e r a t i o n  a t  
t h e  c e n t e r  o f  g r a v i t y  i n  g u n i t s  i s  e s s e n t i a l l y  e q u i v a l e n t  t o  t h e  

r a t i o  of a i r p l a n e  l i f t  f o r c e  t o  a i r p l a n e  w e i g h t  a n d  i s  r e fe r r ed  t o  
i n  t h i s  p a p e r  as n o r m a l  l o a d  f a c t o r .  The n o r m a l  l o a d  f a c t o r  i s  1 .0  
f o r  s t e a d y - l e v e l  f l i g h t  where l i f t  i s  e q u a l  t o  w e i g h t .  The n o r m a l  
l o a d  f a c t o r  j u s t  p r i o r  t o  touchdown f o r  e a c h  o f  429 l a n d i n g s  made 
by a l l  p i l o t s  f o r  a l l  t e c h n i q u e s  a n d  c r o s s w i n d s ,  a n d  f o r  b o t h  3 O  

and  6' a p p r o a c h  p a t h s  a r e  p r e s e n t e d  i n  f i g u r e  17 .  These da t a  h a v e  
been  g r o u p e d  i n  1 1  e q u a l l y  s p a c e d  i n t e r v a l s  h a v i n g  c e n t e r  v a l u e s  
r a n g i n g  f r o m  0 . 7 0  t o  1 .20  n o r m a l  l o a d  f a c t o r  ( 0 . 0 5  i n t e r v a l ) .  A 

n o r m a l  d i s t r i b u t i o n  c u r v e  was f i t t e d  t o  t h e  o b s e r v e d  d i s t r i b u t i o n ,  
and  b o t h  d i s t r i b u t i o n s  were i n t e g r a t e d  t o  d e t e r m i n e  t h e  p r o b a b i l i t y  
t h a t  t h e  n o r m a l  load  f a c t o r  would  b e  l e s s  t h a n  a g i v e n  v a l u e .  These  
data  show t h a t  p r o b a b i l i t y  o f  t h e  l i f t  a t  touchdown b e i n g  l e s s  t h a n  
0 . 7 8  of  t h e  a i r p l a n e  w e i g h t  i s  10-3 ( o n e  i n  a t h o u s a n d  l a n d i n g s ) .  
E x t e n d i n g  t h e  f i t t e d  n o r m a l  c u r v e  beyond t h e  r a n g e  shown i n  f i g -  

1 3  



u r e  17  i n d i c a t e s  a b o u t  a p r o b a b i l i t y  t h a t  t h e  l i f t  a t  t o u c h -  
down w i l l  b e  l e s s  t h a n  t w o - t h i r d s  t h e  a i r p l a n e  w e i g h t .  

C o n t r o l  Use 

G e n e r a l  comments . -  The  a i l e r o n  a n d  r u d d e r  c o n t r o l  p r o b l e m s  

re la ted t o  c r o s s w i n d  a p p r o a c h e s  a n d  l a n d i n g s  a r e  i l l u s t r a t e d  i n  
f i g u r e  18. T h i s  f i g u r e  p r e s e n t s  t ime h i s t o r i e s  o f  s i d e s l i p  a n g l e ,  
r o l l  a t t i t u d e ,  a i l e r o n  d e f l e c t i o n ,  r u d d e r  d e f l e c t i o n ,  a n d  i n d i c a t e d  
a i r speed  d u r i n g  t h e  a p p r o a c h ,  f l a r e ,  touchdown,  a n d  l a n d i n g  r o l l -  
o u t  f o r  two 15-knot  c r o s s w i n d  tes ts .  The s l i p  t e c h n i q u e  i s  shown 
i n  f i g u r e  1 8 ( a ) ,  a n d  t h e  c rab  t e c h n i q u e  i s  shown i n  f i g u r e  1 8 ( b ) .  
The c o n t r o l  u s e  a n a l y s i s  w h i c h  f o l l o w s  was n o t  c a r r i e d  o u t  f o r  t h e  

c r o s s - r u n w a y  a p p r o a c h e s ,  s i n c e  t h e y  p r e s e n t e d  n o  u n i q u e  s i t u a t i o n s  
n o t  c o v e r e d  by t h e  s l i p  o r  c r ab  approaches .  

Approach.-  The c h a r a c t e r i s t i c  f e a t u r e s  o f  a s l i p  a p p r o a c h  a r e  
e v i d e n t  i n  f i g u r e  1 8 ( a ) .  To c a n c e l  t h e  e f f e c t s  o f  a r i g h t  c r o s s w i n d ,  
t h e  p i l o t  h e l d  t h e  a i r c r a f t  i n  a r i g h t  s i d e s l i p  w i t h  r i g h t  a i l e r o n  
d e f l e c t i o n  a n d  l e f t  r u d d e r  d e f l e c t i o n .  B e c a u s e  of  t h e  t u r b u l e n c e  a n d  
v a r i a b i l i t y  o f  t h e  w i n d s ,  l a r g e  c o n t r o l  d e f l e c t i o n s  were r e q u i r e d  i n  
a d d i t i o n  t o  t h e  s t e a d y  d e f l e c t i o n s  t o  h o l d  t h e  s l i p .  A s i g n i f i c a n t  
amount  o f  t h e  t o t a l  c o n t r o l  d e f l e c t i o n  f o r  r u d d e r  was r e q u i r e d ,  a n d  
somewhat l e s s  was r e q u i r e d  f o r  a i l e r o n .  The a i l e r o n  a n d  r u d d e r  
d e f l e c t i o n  da ta  f o r  t h e  a p p r o a c h e s  o f  a l l  s l i p  t e s t  r u n s  w i t h  c ros s -  
w i n d s  of 15  t o  20 k n o t s  a r e  p r e s e n t e d  i n  f i g u r e  19 as h i s t o g r a m s  
showing  t h e  r e l a t i v e  time t h e  c o n t r o l s  were d e f l e c t e d  be tween  
g i v e n  v a l u e s .  The most d i s t i n c t i v e  f e a t u r e  of t h e  da ta  i s  t h e  
t t c ross  c o n t r o l t t  o f  a i l e r o n  a n d  r u d d e r  r e q u i r e d  d u r i n g  a s l i p  
approach .  There  i s  a d e q u a t e  a i l e r o n  c o n t r o l  m a r g i n ,  w i t h  few 
d e f l e c t i o n s  g rea t e r  t h a n  +30°.  I n  r i g h t  c r o s s w i n d s ,  t h e  r u d d e r  
was a g a i n s t  t h e  l e f t  s t o p s  1 p e r c e n t  a f  t h e  t ime. (Each  da ta  
i n t e r v a l  i n c l u d e d  t h e  lower  l i m i t ,  b u t  e x c l u d e d  t h e  u p p e r  l i m i t ;  
t h e r e f o r e ,  wheneve r  t h e  r u d d e r  was a g a i n s t  t h e  l e f t  s t o p  170 ,  t h e  

d a t a  were g r o u p e d  i n  t h e  l7O t o  19' i n t e r v a l . )  F o r  t h e  l e f t  
c r o s s w i n d s ,  t h e  r u d d e r  was n e v e r  c l o s e r  t h a n  2 O  t o  t h e  s t o p .  
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The a i l e r o n  a n d  r u d d e r  d a t a ,  shown i n  f i g u r e  1 9 ,  a re  p r e -  
s e n t e d  as  c u m u l a t i v e  f r e q u e n c i e s  i n  f i g u r e s  20 a n d  21 .  These  da ta  

a re  s imi la r  t o  p r o b a b i l i t y  c u r v e s  a n d  show t h e  r e l a t i v e  t ime d u r -  
i n g  a s l i p  a p p r o a c h  t h a t  t h e  c o n t r o l  d e f l e c t i o n  w i l l  e x c e e d  i n  
m a g n i t u d e  a g i v e n  p o s i t i v e  o r  n e g a t i v e  d e f l e c t i o n .  These  two f i g -  
u r e s  a l s o  i n c l u d e  da t a  f o r  c r o s s w i n d s  be tween  5 t o  10 k n o t s  a n d  
10 t o  15 k n o t s .  Data i n  t h i s  form c a n  be  u s e d  t o  p r e d i c t  t h e  
e f f e c t s  o f  g r e a t e r  w i n d s  a n d  t o  e x t r a p o l a t e  g i v e n  wind  d a t a  t o  
l a r g e r  d e f l e c t i o n s .  

F i g u r e  20 shows  t h a t  t h e  a i l e r o n  d e f l e c t i o n  e x c e e d s  a b o u t  two- 
t h i r d s  of f u l l  t r a v e l  o n l y  1 p e r c e n t  o f  t h e  t i m e  ( r e l a t i v e  t ime o f  
O.Ol), a n d  would  r e a c h  f u l l  t r a v e l  be tween  0 .1  a n d  0 .01  p e r c e n t  o f  
t h e  t i m e  ( e x t r a p o l a t i n g  n e g a t i v e  6a  f o r  15- t o  20-knot  c r o s s w i n d s  
from t h e  r i g h t ) .  

S i n c e  none  o f  t h e  p i l o t s  r e p o r t e d  t h a t  c o n t r o l  t r a v e l  was a 
l i m i t a t i o n  d u r i n g  a p p r o a c h e s  w i t h  c r o s s w i n d s  u p  t o  20 k n o t s ,  i t  
would a p p e a r  t h a t  b e i n g  on  t h e  r u d d e r  s t o p s  o n l y  1 . 0  p e r c e n t  o f  t h e  
t ime,  a s  shown i n  f i g u r e s  19 and  2 1 ,  d o e s  n o t  a f f e c t  t h e  p i l o t ' s  
c a p a b i l i t y  t o  c o n t r o l  t h e  a i r c r a f t .  By e x t r a p o l a t i n g  da t a  o f  f i g -  
u r e  2 1 ,  i t  would  a p p e a r  t h a t  20- t o  25 -kno t  c r o s s w i n d s  f r o m  t h e  

r i g h t  would c a u s e  t h e  r u d d e r  t o  b e  a g a i n s t  t h e  l e f t  s t o p  a b o u t  
10 p e r c e n t  o f  t h e  t i m e  d u r i n g  a s l i p  a p p r o a c h .  The  o p i n i o n  o f  
t h e  p i l o t s  a b o u t  t h e s e  c o n d i t i o n s  would p r o b a b l y  b e  t h a t  r u d d e r  
c o n t r o l  would  n o t  b e  a d e q u a t e  f o r  s l i p  a p p r o a c h e s .  

I n  f i g u r e  1 8 ( b ) ,  i t  c a n  b e  s e e n  t h a t  t h e  c o n t r o l  d e f l e c t i o n s  
were r e l a t i v e l y  sma l l  d u r i n g  t h e  c r a b  a p p r o a c h ,  a s  e x p e c t e d  s i n c e  
t h e  a i r c r a f t  was headed  i n t o  t h e  r e l a t i v e  w i n d .  F i g u r e s  22 and  23  
compare  a i l e r o n  and  r u d d e r ,  r e s p e c t i v e l y ,  f o r  t h o s e  c r a b  and  s l i p  
r u n s  w i t h  15- t o  20-knot  c r o s s w i n d s .  A s  i n  f i g u r e s  20 and  21 ,  > h e  
da t a  a re  p r e s e n t e d  a s  c u m u l a t i v e  f r e q u e n c i e s .  S i n c e  t h e  c rab  
a p p r o a c h  i s  c o n d u c t e d  w i t h  e s s e n t i a l l y  z e r o  c r o s s w i n d  r e l a t i v e  t o  
t h e  a i r p l a n e ,  t h e  c o n t r o l  a c t i v i t y  shown i s  p r o b a b l y  c a u s e d  by t h e  
v a r i a b l e  and  g u s t y  c o n d i t i o n s  u s u a l l y  a s soc ia t ed  w i t h  c r o s s w i n d s  
of t h e  15- t o  20 -kno t  i n t e n s i t y .  The i n c r e m e n t  i n  a i l e r o n  de f l ec -  
t i o n  shown i n  f i g u r e  22 ,  f o r  e x a m p l e ,  r e p r e s e n t s  t h e  a d d i t i o n a l  
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r e q u i r e m e n t s  f o r  a s l i p  a p p r o a c h .  A c o m p a r i s o n  o f  f i g u r e s  22 
and  2 3  shows t h a t  e v e n  t h o u g h  t h e  15- t o  20-knot  c r o s s w i n d s  c a u s e  
a p p r e c i a b l e  a i l e r o n  a c t i v i t y  i n  t h e  c r a b b e d  a p p r o a c h ,  t h e r e  i s  v e r y  
l i t t l e  r u d d e r  a c t i v i t y .  

S e v e r a l  time h i s t o r i e s  from t h i s  a p p r o a c h  a r e  shown i n  f i g u r e  24.  
The wind  was e x t r e m e l y  g u s t y ,  a n d  t h e  p i l o t  h a d  g r e a t  d i f f i c u l t y  i n  
h a n d l i n g  t h e  a i r c r a f t .  When t h e  p i l o t  b r o k e  o f f  t h e  a p p r o a c h ,  w i t h  
t h e  w h e e l s  1 . 5  t o  3.0 m ( 5  t o  10 f t )  a b o v e  t h e  runway ,  t h e  r e f e r -  
e n c e  wind s e n s o r  on t h e  w i n d - s e n s o r  t o w e r  m e a s u r e d  a r i g h t  c r o s s -  
wind of 12 .1  k n o t s  a n d  t h e  h a n d h e l d  wind  s e n s o r  n e a r  t h e  i n t e n d e d  
touchdown s i t e  m e a s u r e d  a r i g h t  c r o s s w i n d  o f  22 k n o t s .  S i g n i f i -  
c a n t l y ,  a l t h o u g h  t h e  p i l o t  h i t  b o t h  a i l e r o n  a n d  r u d d e r  s t o p s  d u r -  
i n g  t h e  a p p r o a c h ,  h e  was f a r  more c o n c e r n e d  w i t h  a i r s p e e d  a n d  t h e  
l o n g i t u d i n a l  touchdown p o s i t i o n  o f  t h e  a i r c r a f t .  

I n  t h e  e n t i r e  p r o g r a m ,  t h e r e  was o n l y  o n e  a b o r t e d  a p p r o a c h .  

G e n e r a l l y ,  t h e  d a t a  show t h a t  t h e r e  was a d e q u a t e  c o n t r o l  
a u t h o r i t y  f o r  making  f u l l  f l a p ,  VFR, STOL-type c r o s s w i n d  a p p r o a c h e s  
f o r  r e s e a r c h  p u r p o s e s  i n  s t e a d y  c r o s s w i n d s  o f  u p  t o  20 k n o t s .  
Based  on a r e a s o n a b l e  e x t r a p o l a t i o n  of  s t a t i s t i c a l  d a t a ,  t h e  
r u d d e r  c o n t r o l  p r o b a b l y  would  l i m i t  t h e  s l i p  c a p a b i l i t y  d u r i n g  
a p p r o a c h e s  where  t h e  c r o s s w i n d s  a r e  be tween  20 and  25 k n o t s  from 
t h e  r i g h t .  

F l a r e . -  The a i l e r o n  a n d  r u d d e r  d e f l e c t i o n s  u s e d  i n  f l a r i n g  
t h e  a i r c r a f t  d u r i n g  t h o s e  s l i p  r u n s  w i t h  15- t o  20-knot  c r o s s w i n d s  
a r e  g i v e n  i n  h i s t o g r a m  f o r m  i n  f i g u r e  25 .  The c o r r e s p o n d i n g  d a t a  
f o r  t h e  c r a b  r u n s  a r e  g i v e n  i n  f i g u r e  26 .  The f l a r e  p o r t i o n  o f  a n  
a p p r o a c h  was v e r y  b r i e f ,  o n l y  l a s t i n g  f r o m  3 t o  8 sec .  I n  a d d i -  
t i o n ,  t h e r e  were r e l a t i v e l y  few s l i p  o r  c r a b  r u n s  w h e r e  t h e r e  were 
15- t o  20-knot  c r o s s w i n d s .  T h e r e f o r e ,  f i g u r e s  25 and  26 a r e  b a s e d  
on a r e l a t i v e l y  smal l  amount  o f  d a t a .  The m e a g e r n e s s  o f  t h e  d a t a  
l i m i t s  t h e  d i s c u s s i o n  o f  t h e s e  f i g u r e s  t o  g e n e r a l  s t a t e m e n t s  
a l t h o u g h  s e v e r a l  v a l i d  c o m p a r i s o n s  c a n  be  made. 

t h e  same c h a r a c t e r i s t i c s  f o r  t h e  f l a r e  a s  f o r  t h e  a p p r o a c h  ( f i g s .  1 9  
and  2 5 ) .  T h i s  s i m i l a r i t y  i s  t o  be  e x p e c t e d  s i n c e  t h e  f l a r e  maneuver  

The d a t a  f o r  t h e  s l i p  c r o s s w i n d  t e c h n i q u e  showed e s s e n t i a l l y  
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from a s l i p  a p p r o a c h  i n v o l v e s  e s s e n t i a l l y  a c o n t i n u a t i o n  o f  t h e  s l i p  
a p p r o a c h ,  w i t h  t h e  p i t c h  a t t i t u d e  s t e a d i l y  i n c r e a s i n g ,  a n d  a re la -  
t i v e l y  a b r u p t  maneuver  t o  l e v e l  t h e  w i n g s  j u s t  p r i o r  t o  touchdown.  
The d a t a  f o r  t h e  f l a r e  p o r t i o n s  of  t h e  c rab  a p p r o a c h e s  ( f i g .  26)  
are  a l s o  s imi la r  t o  t h e  da ta  from t h e  s l i p  a p p r o a c h e s  ( f i g .  191, 
a l t h o u g h  t h e  r u d d e r  d a t a  i n  f i g u r e  26 show a l e s s  o r d e r l y  d i s t r i b u -  
t i o n ,  p r o b a b l y  b e c a u s e  o f  t h e  small amount  o f  da t a .  T h i s  meage r  
amount  of d a t a  s u g g e s t s  t h a t  t h e r e  i s  a d e q u a t e  c o n t r o l  a u t h o r i t y  t o  
f l a r e  t h e  a i r p l a n e  from s l i p  a n d  c r a b  a p p r o a c h e s  i n  c r o s s w i n d s  u p  
t o  20 k n o t s .  

R o l l - o u t . -  The p i l o t  u s e d  t h r e e  p r i n c i p a l  c o n t r o l s  f o r  han-  
d l i n g  t h e  a i r c r a f t  d u r i n g  t h e  g r o u n d  r o l l - o u t :  a i l e r o n s ,  r u d d e r ,  
and  main  g e a r  b r a k i n g .  A s  c a n  be  s e e n  i n  t h e  t ime h i s t o r i e s  of  
f i g u r e  18 ,  t h e  g r o u n d  r o l l - o u t  was c h a r a c t e r i z e d  by e x t r e m e l y  
h e a v y  u s e  of t h e  a i l e r o n s  a n d  r u d d e r .  Bo th  t h e  a i l e r o n s  a n d  t h e  

r u d d e r  w e n t  t o  t h e  s t o p s  w i t h i n  s e c o n d s  o f  l a n d i n g  w h i l e  t h e  a i r -  
c r a f t  was s t i l l  a t  a f a i r l y  h i g h  f o r w a r d  s p e e d  ( 5 0  k n o t s ) .  Once 
a g a i n s t  t h e  s t o p s ,  t h e  c o n t r o l s  t e n d e d  t o  s t a y  t h e r e .  F r e q u e n t l y ,  
f u l l - a i l e r o n  d e f l e c t i o n  was r e q u i r e d  t o  k e e p  t h e  upwtnd wing  f r o m  
l i f t i n g  i m m e d i a t e l y  a f t e r  touchdown,  w h i l e  f u l l - r u d d e r  d e f l e c t i o n  
w a s  u s e d  t o  h e l p  k e e p  t h e  a i r c r a f t  f r o m  h e a d i n g  i n t o  t h e  r e l a t i v e  
wind .  O c c a s i o n a l l y ,  f u l l - r u d d e r  d e f l e c t i o n  was n o t  a d e q u a t e  t o  
k e e p  t h e  a i r c r a f t  f r o m  w e a t h e r c o c k i n g  i n  h i g h  c r o s s w i n d s ,  a n d  t h e  

p i l o t  u s e d  d i f f e r e n t i a l  m a i n - g e a r  b r a k i n g  t o  k e e p  t h e  a i r c r a f t  on  
t h e  runway.  D i r e c t i o n a l  c o n t r o l  was c o m p l i c a t e d  when t h e  a i r c r a f t  
l a n d e d  on  o n e  main  g e a r ,  b e c a u s e  b r a k i n g  e f f e c t i v e n e s s  was lowered  
s i n c e  t h e  a i r c r a f t  t e n d e d  t o  rock  f r o m  gear t o  g e a r  d u r i n g  t h e  
r o l l - o u t  . 

The a u x i l i a r y  a i r c r a f t  c o n t r o l s  ( f l a p s ,  e n g i n e s ,  a n d  n o s e -  
wheel  s t e e r i n g )  were o f  l i t t l e  o r  n o  u s e  d u r i n g  t h e  g r o u n d  r o l l -  
o u t .  The f l a p - r e t r a c t i o n  c y c l e  was t o o  s l o w  (35  s e c )  t o  d e s t r o y  
a n y  a p p r e c i a b l e  l i f t  o n  t h e  wing .  The e n g i n e - t h r u s t  r e s p o n s e  was 
t o o  s l o w  f o r  t h e  e n g i n e s  t o  b e  u s e d  f o r  d i r e c t i o n a l  c o n t r o l ,  
a l t h o u g h  some w i n g  l i f t  was d e s t r o y e d  when t h e  p r o p e l l e r s  w e n t  t o  
r e v e r s e  p i t c h .  The nose -whee l  s t e e r i n g  s y s t e m  was n o t  d e s i g n e d  
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f o r  h i g h - s p e e d  g r o u n d  m a n e u v e r s ,  a n d  was n o t  u s e d  d u r i n g  t h e  g r o u n d  
r o l l - o u t .  

The c o n t r o l  u s a g e  o f  a i l e r o n  a n d  r u d d e r  d u r i n g  g r o u n d  r o l l - o u t  
is shown i n  f i g u r e  27 ,  wh ich  p r e s e n t s  t h e  da ta  a s  h i s t o g r a m s  s h o w i n g  
t h e  r e l a t i v e  t ime t h a t  t h e  c o n t r o l  d e f l e c t i o n s  were w i t h i n  g i v e n  
i n t e r v a l s  d u r i n g  g r o u n d  r o l l - o u t s ,  f o l l o w i n g  b o t h  s l i p  a n d  c rab  
a p p r o a c h e s  w i t h  c r o s s w i n d s  f rom 15  t o  20 k n o t s .  The g r o u n d  r o l l -  
o u t  d a t a  f o r  t h e  two t e c h n i q u e s  were combined ,  s i n c e  t h e r e  was n o  
a p p r e c i a b l e  d i f f e r e n c e  be tween  t h e  r o l l - o u t  f o l l o w i n g  e i t h e r  a 
s l i p  o r  a c rab  a p p r o a c h .  A s  c a n  b e  s e e n  i n  f i g u r e  2 7 ,  b o t h  con-  
t r o l s  were s e v e r e l y  l i m i t e d  d u r i n g  t h e  g r o u n d  r o l l - o u t .  A l t h o u g h  
t h e  a i l e r o n s  r a r e l y  e x c e e d e d  30° i n  t h e  a p p r o a c h  a n d  f l a r e  
( f i g s .  1 9 ,  2 5 ,  a n d  2 6 ) ,  t h e y  were a t  o r  n e a r  t h e  s t o p s  a la rge .  
p a r t  o f  t h e  time d u r i n g  t h e  r o l l - o u t .  The r u d d e r  was a l s o  a t  o r  
n e a r  t h e  s t o p s  a much g rea t e r  p e r c e n t a g e  o f  t ime d u r i n g  t h e  roll- 
o u t  t h a n  d u r i n g  t h e  a p p r o a c h .  

The p i l o t s  f i r m l y  b e l i e v e d  t h a t  t h e  g r o u n d  r o l l - o u t  was t h e  

l i m i t i n g  c r o s s w i n d  o p e r a t i o n  o f  t h e  VFR, STOL-type c r o s s w i n d  l a n d -  
i n g s  made i n  t h i s  p r o g r a m .  They f o u n d  t h a t  t h e r e  was g r e a t  d i f f i -  

c u l t y  i n  k e e p i n g  t h e  a i r c r a f t  on t h e  runway w i t h  t h e  w i n g s  l e v e l ,  
even  w i t h  f u l l  d e f l e c t i o n  of  a i l e r o n s  a n d  r u d d e r ,  a n d  w i t h  h e a v y  
u s e  of  a s y m m e t r i c  main  g e a r  b r a k i n g .  To p r o v i d e  a r e a s o n a b l e  
l e v e l  o f  s a f e t y  a n d  r e l i a b i l i t y  f o r  commercial. STOL-type o p e r a -  
t i o n s ,  two p i l o t s  es t imated t h a t  a c r o s s w i n d  l i m i t  o f  15 k n o t s  
would be r e q u i r e d .  One p i l o t  f e l t  t h a t  c r o s s w i n d s  o f  u p  t o  20 k n o t s  
would be  accep tab le .  It  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  crossw' ind 
l i m i t  u s e d  for t h e  s i m u l a t e d  STOL t e s t s  o f  r e f e r e n c e s  2 and  3 was 
a l s o  15 k n o t s .  

The p i l o t s  t h o u g h t  t h a t  t h e  f o l l o w i n g  a i r c r a f t  m o d i f i c a t i o n s  
would be  h e l p f u l  i n  e x t e n d i n g  t h e  c r o s s w i n d  l i m i t s :  w i n g - l i f t  
s p o i l e r s ,  improved  nose -whee l  s t e e r i n g ,  a n d  f a s t e r  e n g i n e  r e s p o n s e .  
The p i l o t s  agreed t h a t  a c r o s s w i n d  l a n d i n g  gear  would  a l s o  b e  
b e n e f i c i a l .  
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Choice o f  T e c h n i q u e  

I n  t h e s e  t e s t s ,  o n e  t e c h n i q u e  was u s e d  d u r i n g  t h e  e n t i r e  
a p p r o a c h  down t o  f l a r e .  A l t h o u g h  t h i s  i s  a n  i m p r a c t i c a l  a n d  u n d e -  
s i r a b l e  o p e r a t i o n a l  p r o c e d u r e ,  s e v e r a l  v a l i d  g e n e r a l  comments on  
a p p r o a c h  t e c h n i q u e  c a n  be  made.  The p i l o t s  a g r e e d  t h a t  t h e y  c o u l d  
f l y  t h e  a i r c r a f t  more p r e c i s e l y  t o  t h e  touchdown p o i n t  u s i n g  t h e  
s l i p  t e c h n i q u e .  However ,  t h e  touchdown q u i t e  o f t e n  r e s u l t e d  i n  a 
l a n d i n g  on o n e  ma in  wheel .  One whee l  l a n d i n g s  l e d  t o  a r o c k i n g  
o s c i l l a t i o n  a n d  d e g r a d e d  b r a k i n g  c o n t r o l .  I n  t h e  c rab  t e c h n i q u e ,  
i f  t h e  decrab maneuver  was a c c o m p l i s h e d  p r e c i s e l y ,  t h e  touchdown 
was s y m m e t r i c a l  a n d  b r a k i n g  c o u l d  b e  a c c o m p l i s h e d  q u i c k l y .  The 

p i l o t s  f o u n d  i t  d i f f i c u l t  t o  decrab  p r e c i s e l y ;  t h e  d e c r a b  was 
o c c a s i o n a l l y  t o o  e a r l y  a n d  t h e  p i l o t s  h a d  t o  go  t o  a s l i p  l a t e  i n  
t h e  f l a r e  t o  a r r e s t  t h e  l a t e r a l  d r i f t .  F i n a l l y ,  t h e  u t i l i t y  o f  
t h e  c r o s s - r u n w a y  t e c h n i q u e  was l i m i t e d  by t h e  n a r r o w  w i d t h  o f  t h e  
runways  and  by t h e  e x t r e m e  touchdown a c c u r a c y  r e q u i r e d .  The p i l o t s  
a g r e e d  t h a t  a c o m b i n a t i o n  t e c h n i q u e  would  b e  b e s t ,  s t a r t i n g  w i t h  a 
c r a b  o v e r  t h e  downwind e d g e  o f  t h e  runway.  Then a s l i g h t  c r o s s -  
runway t e c h n i q u e  d u r i n g  t h e  t r a n s i t i o n  f r o m  t h e  c r a b  t o  a p s e u d o -  
s l i p  s h o u l d  b e  u s e d  f o r  t ouchdown.  

C O N C L U D I N G  R E M A R K S  

N A S A  h a s  u n d e r t a k e n  a f l i g h t - r e s e a r c h  p r o g r a m  t o  i n v e s t i g a t e  
p r o b l e m s  c o n c e r n e d  w i t h  l a n d i n g  a STOL-type a i r p l a n e  i n  c r o s s w i n d  
c o n d i t i o n s .  The p r o g r a m  i n c l u d e d  a s t u d y  o f  p i l o t i n g  t e c h n i q u e s ,  
a i r p l a n e  r e s p o n s e ,  a n d  c r o s s w i n d  l i m i t a t i o n s ,  d u r i n g  v i s u a l ,  STOL- 
t y p e  l a n d i n g  o p e r a t i o n s .  The r e s u l t s  o f  t h i s  s t u d y  i n d i c a t e d :  

1 .  The c r o s s w i n d  was more l i m i t i n g  d u r i n g  g r o u n d  r o l l - o u t  
t h a n  d u r i n g  t h e  a i r b o r n e  p h a s e s .  It was q u i t e  d i f f i c u l t  t o  k e e p  
t h e  a i r c r a f t  on t h e  runway w i t h  t h e  w i n g s  l e v e l ,  e v e n  w i t h  f u l l  
d e f l e c t i o n  of  a i l e r o n s  a n d  r u d d e r  a n d  w i t h  h e a v y  u s e  of  a s y m m e t r i c  
main gear b r a k i n g .  Based o n  t h i s  l i m i t a t i o n ,  t h e  p i l o t s  es t imated 
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t h a t  t h e  c r o s s w i n d  l i m i t  f o r  commercial, STOL-type o p e r a t i o n s  w i t h  
t h i s  a i r c r a f t  would  be  a p p r o x i m a t e l y  15 t o  20 k n o t s .  

2 .  The p i l o t s  t h o u g h t  t h a t  t h e  c r o s s w i n d  l i m i t s  f o r  g r o u n d  
o p e r a t i o n  m i g h t  be  e x t e n d e d  by i n c o r p o r a t i n g  w i n g - l i f t  s p o i l e r s ,  
improved  nose -whee l  s t e e r i n g ,  f a s t e r  e n g i n e  r e s p o n s e ,  a n d  a c r o s s -  
wind l a n d i n g  g e a r .  Based  on  e x t r a p o l a t i o n  of t h e  s t a t i s t i c a l  con-  
t r o l  u s e  d a t a ,  h o w e v e r ,  t h e  r u d d e r  c o n t r o l  t h e n  may l i m i t  t h e  s l i p  
c a p a b i l i t y  d u r i n g  a p p r o a c h e s  where  t h e  c r o s s w i n d s  a r e  be tween  20 

and  25 k n o t s .  
3. F o r  t y p i c a l  c r o s s w i n d  o p e r a t i o n s ,  t h e  p i l o t s  s t a t e d  t h a t  a 

c o m b i n a t i o n  method of  t h e  s l i p ,  c r a b ,  a n d  c r o s s - r u n w a y  t e c h n i q u e s  
would be b e s t .  

4. The l o n g i t u d i n a l  touchdown d i s p e r s i o n  d a t a  f o r  t h e  l a n d i n g s  
from s l i p  a n d  c r a b  a p p r o a c h e s  r a n g e d  from 7 6 . 2  m ( 2 5 0  f t )  s h o r t  o f  
t h e  i n t e n d e d  touchdown p o i n t  t o  152.4 m (500  f t )  l o n g .  

5 .  S t o p p i n g  t h e  a i r c r a f t  w i t h i n  a 305-m ( 1 0 0 0 - f t )  g r o u n d  r o l l  

6 .  The p i l o t s  t h o u g h t  t h a t  a n y  d e c r e a s e  i n  runway w i d t h  be low 
a f t e r  touchdown p r e s e n t e d  no  p r o b l e m s .  

45.7 m (150  f t )  would r e d u c e  t h e  c r o s s w i n d  l i m i t s ,  a n d  t h a t  a n  
i n c r e a s e  i n  runway w i d t h  would be  b e n e f i c i a l .  

7.  A s i n g l e  v a l u e  of  c r o s s w i n d  from o n e  l o c a t i o n  a t  a n  
a i r f i e l d  may n o t  r e p r e s e n t  t h e  wind t h a t  i n f l u e n c e s  t h e  a i r c r a f t  
a t  a c r i t i c a l  t ime d u r i n g  a l a n d i n g .  

L a n g l e y  R e s e a r c h  C e n t e r  
N a t i o n a l  A e r o n a u t i c s  a n d  S p a c e  A d m i n i s t r a t i o n  
Hampton, V A  23665 
J u l y  2 1 ,  1976 
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APPENDIX 

W I N D  D A T A  

Two s a m p l e s  of  wind  da t a  f r o m  t h e  4.6-m ( 1 5 - f t )  e l e v a t i o n  on  
t h e  w i n d - s e n s o r  t ower  a r e  g i v e n  i n  f i g u r e  28.  T h e s e  d a t a  were 
r e c o r d e d  on o n e  o f  t h e  most t u r b u l e n t  d a y s  i n  t h e  r e s e a r c h  p r o -  
gram. F i g u r e  2 8 ( a )  i s  a r e c o r d  o f  t h e  wind d u r i n g  t h e  o n l y  wave- 
o f f  ( a b o r t e d  r u n )  o f  t h e  e n t i r e  p rogram.  After t h e  a p p r o a c h ,  t h e  
p i l o t  commented on  t h e  e x t r e m e  t u r b u l e n c e  a n d  v a r i a b i l i t y  o f  t h e  
w i n d s .  Whi l e  t h e  a i r c r a f t  was r e p o s i t i o n i n g  f o r  t h e  n e x t  a p p r o a c h ,  
t h e  l a r g e  wind  s h i f t  shown i n  f i g u r e  2 8 ( b )  o c c u r r e d .  The wind  
i n c r e a s e d  a b o u t  10 k n o t s  i n  m a g n i t u d e  a n d  c h a n g e d  h e a d i n g  n e a r l y  
70° i n  l e s s  t h a n  15 sec .  I n  s u c h  w i n d s ,  a p i l o t  c o u l d  s u d d e n l y  
and u n e x p e c t e d l y  f i n d  h i m s e l f  i n  a n  e x t r e m e  c r o s s w i n d  a t  a c r i t i -  
c a l  t ime.  When low a p p r o a c h  s p e e d s  are  u s e d ,  t h e  e f f e c t s  o f  s u c h  
a d v e r s e  w i n d s  become c r i t i c a l .  

F i g u r e  29 c o n t a i n s  a summary o f  t h e  wind  c o n d i t i o n s  f o r  t h e  
432 r u n s .  A s  c a n  b e  s e e n  i n  t a b l e  I a n d  f i g u r e  2 9 ,  mos t  o f  t h e  
r u n s  were made w i t h  a c r o s s w i n d  o f  5 t o  10 k n o t s  o r  10 t o  15 k n o t s .  
T h e r e  were r e l a t i v e l y  f e w  o c c a s i o n s  d u r i n g  t h e  t e s t  p rogram when i t  
was p o s s i b l e  t o  s c h e d u l e  f l i g h t  tes ts  t o  o b t a i n  a c r o s s w i n d  i n  t h e  

15- t o  20-knot  r a n g e .  F i g u r e  29 a l s o  shows t h a t  a s i g n i f i c a n t  num- 
b e r  o f  l a n d i n g s  h a d  a t a i l w i n d  component  wh ich  r e s u l t e d  f r o m  t h e  
v a r i a b i l i t y  of w i n d s  w h i c h  were n e a r l y  d i r e c t  c r o s s w i n d s .  

To show t h e  v a r i a t i o n  o f  w i n d s  a t  a g i v e n  t i m e  f o r  s e v e r a l  
l o c a t i o n s  a t  t h e  a i r f i e l d ,  a c o m p a r i s o n  was made u s i n g  t h e  wind  
m a g n i t u d e  a n d  d i r e c t i o n  m e a s u r e d  ( b y  t h e  h a n d h e l d  wind  s e n s o r )  a t  
t h e  touchdown s i t e  a s  a r e f e r e n c e .  T h e s e  d i f f e r e n c e s  i n  m a g n i t u d e  
and  d i r e c t i o n  f o r  t h e  v a r i o u s  wind  s e n s o r s  r e l a t i v e  t o  t h e  t o u c h -  
down s i t e  v a l u e s  a re  g i v e n  i n  t a b l e  11. The c o m p a r i s o n s  i n  t a b l e  I1 
a re  l i m i t e d  t o  t h o s e  r u n s  i n  wh ich  w i n d s  a t  t h e  touchdown s i t e  were 
g r e a t e r  t h a n  10 k n o t s .  T h i s  was d o n e  t o  a v o i d  t h e  p o s s i b i l i t y  o f  
h a v i n g  w i n d s  a t  some s t a t i o n  t o o  low t o  g i v e  a r e l i a b l e  i n d i c a t i o n  
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APPENDIX 

o f  d i r e c t i o n .  (The wind  s e n s o r s  on  t h e  wind  t o w e r  a r e  n o t  r e l i a b l e  
below a b o u t  4 k n o t s . )  

On t h e  a v e r a g e ,  these  d i f f e r e n c e s  i n  m a g n i t u d e  a n d  d i r e c t i o n  
are  small;  t h e r e  a re  a s u b s t a n t i a l  number o f  t imes ,  h o w e v e r ,  when 
t h e  wind  m e a s u r e d  a t  o n e  s i t e  on  t h e  a i r f i e l d  i s  a p p r e c i a b l y  d i f -  
f e r e n t  from t h e  wind  m e a s u r e d  a t  t h e  touchdown s i t e .  For  e x a m p l e ,  
w i n d s  i n d i c a t e d  a t  t h e  4.6-m ( 1 5 - f t )  e l e v a t i o n  on  t h e  wind  t o w e r  
( t h e  r e f e r e n c e  w i n d  s e n s o r  f o r  c o m p u t i n g  c r o s s w i n d s )  were f o u n d  t o  
b e  as much a s  12 .6  k n o t s  g r e a t e r  a n d  1 1 2 . 5 O  d i f f e r e n t  i n  h e a d i n g  
from t h o s e  m e a s u r e d  a t  t h e  touchdown s i t e .  The  w i n d s  read i n  t h e  

c o n t r o l  t o w e r  were f o u n d  t o  b e  a s  much as  10 k n o t s  g r e a t e r  a n d  
1 2 2 . 5 O  d i f f e r e n t  i n  h e a d i n g .  

These da t a  show t h a t  a s i n g l e  v a l u e  o f  c r o s s w i n d  f r o m  o n e  
l o c a t i o n  a t  a n  a i r f i e l d  may n o t  r e p r e s e n t  t h e  c r o s s w i n d  t h a t  
i n f l u e n c e s  t h e  a i r p l a n e  a t  a c r i t i c a l  time d u r i n g  a r u n .  
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TABLE I.- M A T R I X  OF TEST C O N D I T I O N S  R E C O R D E D  

Approach  

E432 STOL-type l a n d i n g s  ( f u l l  f l a p ) ]  

Number o f  l a n d i n g s  f o r  e a c h  5 -kno t  
c r o s s w i n d  i n t e r v a l  

5 t o  10 

51 
44 
3 0  

27  
18 

16 

10 t o  15 

3 2  

3 0  
14  
31 
3 9  
2 7  

15 t o  2 0  

5 

9 
2 

3 
6 
6 

~ 

T e c h n i q u e  

C r a b  
S l i p  
Cross - runway  
C r a b  
S l i p  
Cross - runway  
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TABLE 11.- COMPARISON OF W I N D  DATA FOR V A R I O U S  WIND-SENSOR SITES 
AT TOUCHDOWN REFERENCED T O  HAND-HELD WIND-SENSOR R E A D I N G S  

Mean A U ,  

k n o t s  
0.2 

- 9  
1.6 
2.8 
2.9 

[ T h o s e  r u n s  i n  w h i c h  t h e  h a n d  r e a d i n g  was l e s s  t h a n  
10 k n o t s  h a v e  b e e n  d e l e t e d ]  

S t a n d a r d  d e v i a t i o n  
of  A U ,  k n o t s  

.~ 

3.5 

3.4 
3.5 
3.7 
3.7 

W i n d - s e n s o r  s i t e  

c 

C o n t r o l  t o w e r  
Wind t o w e r :  

4.6 m ( 1 5  f t )  
8.2 m ( 2 7  f t )  

11.9 m ( 3 9  f t >  
15.8 m ( 5 2  f t )  

W i n d - s e n s o r  s i t e  

C o n t r o l  t o w e r  
Wind t o w e r :  

4 . 6  m ( 1 5  f t )  
8.2 m ( 2 7  f t )  

11.9 m ( 3 9  f t )  
15.8 m ( 5 2  f t )  

Mean A Q ,  

- d e g  
1.7 

-07 
4.4 

-5.4 
2.4 

S t a n d a r d  d e v i a t i o n  
o f  A Q ,  d e g  

19.3 

19.6 
18.1 
19.3 
17.7 

Number o f  r u n s  -7 
262 

Number o f  r u n s  
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Figure 1 . -  Three-view of  t e s t  a i r c r a f t .  A l l  dimensions 
i n  meters ( f e e t ) .  
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Figure 14.- R o l l  attitude at touchdown combined f o r  all c r o s s -  
winds, all pilots, and both gpproach angles. 

40 



i 

F i g u r e  

7- 
loo 
1 

Average r e 1  a t i  ve  

AYTD X s i g n  ( v )  

Touchdown -2f- 

head ing  

= -16' 

1 .  I 1- I 
IC IO secs 4 

Time 
15.- T y p i c a l  time h i s t o r y  o f  r e l a t i v e  h e a d i n g  s h o w i n g  

d e c r a b  p r i o r  t o  touchdown.  v = 15.7 k n o t s .  

Turn away f r o m  wind <+ Turn toward wind 

119 Runs 
Mean = -7.9' 

-24 - 16 -8 0 8 

AYTD X s i g n  ( v ) ,  deg  

F i g u r e  1 6 . -  D e c r a b  p r i o r  t o  touchdown combined f o r  a l l  c r o s s -  
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F i g u r e  17.- P r o b a b i l i t y  t h a t  n o r m a l  l o a d  f a c t o r  j u s t  p r i o r  t o  
touchdown i s  l e s s  t h a n  i n d i c a t e d  v a l u e .  Data combined 
f o r  a l l  c r o s s w i n d s ,  p i l o t s ,  t e c h n i q u e s ,  a n d  b o t h  a p p r o a c h  
a n g l e s .  
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( b )  Crab  a p p r o a c h .  v = 15.7  k n o t s ,  Y = -3'. 
F i g u r e  18.- C o n c l u d e d .  

44  



.... ,- - 

. 3  - 
- 

r - i  
I 1  
I 1  g . 2  'F 

-r I I--7 

a , '  > Right 6 r  l imi t  1 1 1 1  
c, 1 I I I----7 
5 .1 r-4 I 

r - 7  I 1 
+ 

.r 

- I I  
I I  

6 

cc 
I I I I  I r-1 

I 
1 1 1  

r - i  I I 1 

I l l  1 1  
r-- ' I l l 1  

0 i-tl I l l  

. 3  

- 
!-eft 6r l imit  

E 
I 1 - 1  

aJ 
E - 2  
c, 

aJ > 

*r 

.I-- + 
6 

aJ cc 
- .1 

0 
-50 -40 -30 " -20 - 10 0 10 20 30 40 50 

Aileron def lect ion,  deg 
. 4  - 



L e f t  6, l i m i t  R igh t  6, l . i m i t  

D A i l e r o n  d e f l e c t i o n ,  deg 

-20 0 20 40 

I 
-40. 

1.0 

.1 

i? 
.P 
CJ 

aJ 
>. 
.r 
+l .01 m 
aJ nz 
P 

.OOl 

.OOOl 

I 

- ~_.___- , 1 i 

Crosswind, knots 

- -i  
Greater  than 

I 

5 t o  10 10 t o  15 15 t o  20 Crosswind d i r e c t i o n  

4 - - -e  --e Righ t  
a L e f t  4 ---El -- 

f rom 

1 

F i g u r e  20.- R e l a t i v e  time a i l e r o n s  a r e  g r e a t . e r  o r  l e s s  t h a n  g i v e n  
v a l u e  d u r i n g  s l i p  a p p r o a c h e s  w i t h  c r o s s w i n d s  g r e a t e r  t h a n  
5 k n o t s .  Data combined  f o r  a l l  p i l o t s  a n d  b o t h  a p p r o a c h  a n g l e s .  
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F i g u r e  21.- R e l a t i v e  time r u d d e r  i s  g r e a t e r  o r  l e s s  t h a n  g i v e n  
v a l u e  d u r i n g  s l i p  a p p r o a c h e s  w i t h  c r o s s w i n d s  g rea t e r  t h a n  
5 k n o t s .  Data combined  f o r  a l l  p i l o t s  a n d  b o t h  a p p r o a c h  
a n g l e s .  
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F i g u r e  22.-  R e l a t i v e  t ime a i l e r o n s  a r e  g r e a t e r  o r  l e s s  t h a n  
g i v e n  v a l u e  f o r  c rab  a n d  s l i p  a p p r o a c h e s  w i t h  15- t o  
20-knot  c r o s s w i n d s .  Data combined  f o r  a l l  p i l o t s  a n d  
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F i g u r e  27.- His togram showing r e l a t i v e  time c o n t r o l s  were d e f l e c t e d  between 
g i v e n  v a l u e s  d u r i n g  ground r o l l - o u t  f o l l o w i n g  b o t h  s l i p  and  c r a b  a p p r o a c h e s  
w i t h  c r o s s w i n d s  from 15 t o  20 k n o t s .  Data combined f o r  a l l  p i l o t s  and  b o t h  
a p p r o a c h  a n g l e s .  
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